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PERCEPTION OF CERTAIN bZCWJICAL aUAEaTTI’IES 
DJ-T To T€E ATJDUL ORGANIS4 
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0 .G.Gazenko and N. A.Chekhonadskif $@ 
The propert ies  of an elementary model of t he  o t o l i t h i c  

port ion of t h e  vest ibular  apparatus, explaining a number 

of functions of this important organ, are examined. The 

pr inc ip les  of measuring a number of mechanical parameters 

necessary f o r  control and coordination of movements are  

hypothesized on the  basis of analyzing t h e  experimental 

mater ia ls  and properties of t h e  mdel ,  i n  analogy w i t h  

data-processing systems fo r  conversion of analog t o  digi-  

tal data. Orientation i n  space, upon def lect ion of t h e  

head f r o m  the  ver t ical ,  and under acceleration, i s  dis- 

cussed on the  basis of function of t h e  receptopneuron 

c i r c u i t s  of the o t o l i t h i c  apparatus. 
/ 

/kL;ftIOn_ 

During t h e i r  v i t a l  ac t iv i ty ,  animals constantly change the  posi t ion of 

t h e i r  bodies i n  space. In addition to other  organs, the vest ibular  apparatus 

plays a major ro l e  i n  the control of the  s p a t i a l  posit ioning of the  body and 
. 
I organization of t h e  coordination of movements. One of i ts  functions should 

evidently be the  %easurementfr of a number of mechanical parameters o r  factors,  

required fo r  generating, i n  the  central  nervous system of the animal, cer ta in  

cont ro l  signals t h a t  a r e  then fed t o  the  input of the  t tac tua thg  mecha?isnstt 
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rn -  el:zi5!zte ce r t= . i r~  character is t ics  of t he  function of the  o t o l i t h i c  

apparatus on exposure of an animal t o  mechanical forces, we developed an el- 
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A study of the pr inciples  of t he  %easurement" of mechanical parameters 

inherent t o  admals, %.e., t he  pr inciples  of the  conversion of these parameters 

by receptors i n t o  e l e c t r i c a l  signals and the  pr inc ip les  of in fomat ion  'Vroces- 

sing'* i n  the  cent ra l  nervous system can be of de f in i t e  i n t e r e s t  f o r  spec ia l i s t s  

engaged i n  the area of developing data-processing systems. 

Using, as an e-le, the  properties of an elementary model and functions 

of the  o t o l i t h i c  port ion of the vestibular apparatus, we win examine be low the  

problem of the methods of t h e  conversion, by this organ, of cer ta in  mechanical 

quant i t ies  i n t o  e l e c t r i c a l  ones. 

1. Kodel of t h e  Oto l i th ic  Portion of the Vestibular Apparatus 

An important pa r t  of t h e  spatial or ientat ion analysor i n  higher animals i s  

the  vestibular apparatus which can be schematically represented as consisting 

of receptors receiving external stimuli and of neurons which connect t he  r e  

ceptors with various formations of the nervous system. 

The receptor p a r t  consis ts  of the semicircular canals reacting primarily 

t o  angular accelerations and the o to l i t h i c  apparatus perceiving l i nea r  movements 

of t he  head and Sody i n  space. 

Whereas t h e  mechanism of reception i n  the semicircular canals has been 

qui te  exhaustively explained, t he  concepts of t he  a c t i v i t y  of the o t o l i t h i c  

apparatus are s t i l l  ra ther  disputable. 

the  o t o l i t h i c  apparatus i s  accomplished by shifts of t he  gelatinous o t o l i t h  

membrane which i s  studded with crystals  of lime 

/12 
It has been suggested tha t  reception i n  

I 

( the  o to l i t h s )  and with sensi- 

I t i v e  h a i r  c e l l s  which penetrate t he  membrane f o r  some distance. 



meritary model of this important organ (Bib1.1, 2). 

Figure 1 shows a s t ruc tura l  diagram of the  model, w i t h  the  following basic 

p mp e rties : 

a) The receptors of t h e  o to l i t h i c  port ion of t he  vest ibular  apparatus 

(both the  saccule ar,d t h e  u t r i c l e )  represent generator transducers t h a t  convert 

Right  m t r i c l e  

Left u t r i c l e  

Fig.1 Block Diagram of t h e  Elemerrtaxy I4odel of the  
Otol i thic  Portion of the  Vestibular Apparatus 

t h e  angle of def lect ion of t he  head of t h e  animdl from t he  v e r t i c a l  i n t o  fre- 

quency of e l e c t r i c  pulses w i t h  a certain proport ional i ty  factor ;  

Fig.2 Function of t h e  rYhmmatorn of the  Utr ic le  
i n  S ta t i c s  

a - Vert ical  pos i t ion  of head; b - Inclination of head 
t o  the  l e f t  through an angle CY. 

b) The receptor reac ts  t o  an  incl inat ion of t he  head r e l a t ive  t o  the  verti- 

cal, as a consequence of t h e  change i n  the  magnitude of the  component forces of 
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c )  The o t o l i t h i c  apparatus consists of numerous c i r c u i t s  of r e c e p t o p  

neurons (R-14s) having various d y n d c  properties;  

d )  The vest ibular  apparatus contains a "sumnatorrt which compares the  fre- 

quency of t he  pulses arr iving from the  l e f t  and r igh t  u t r i c l e s  and f r o m  the 

saccule. 

2. Principles of Conversion of Kechanical Parameters into 
Elec t r ica l  Parameters Characterist ic of t h e  Oto l i th ic  
Portion of t h e  Vestibular Apparatus 

A s  a r e su l t  of studying the  properties of the elementary model of t he  

vestibular apparatus, hypotheses were formulated concerning t h e  pr inc ip le  of 

"measuring" mechanical parameters character is t ic  of the  o t o l i t h i c  port ion of 

t h e  vest ibular  apparatus. Me assume these hypotheses'to be confirmed i f  the /13 
processes in the m d e l  correspond t o  the function of t he  real vest ibular  appa- 

ra tus  . 
a )  Weasurement*? of t h e  Ykgnitude and Direction of Deflection 

of the Head f romthe  Vertical  

The frequency of t he  pulses fl a t  t he  output of t he  R-Ns c i r c u i t  of t he  

r igh t  u t r i c l e  (see Fig.2) representing t h e  force directed along the  ha i r  c e l l  

i s  determined by t he  dependence 

f l==  W cos(a+ B) , 
where 

P = force of t h e  weight of the o to l i t h ;  

kl = coefficient of sens i t iv i ty  of t he  receptor along t h e  hair c e l l ;  

CY = angle of inc l ina t ion  of the head ( i n  a f r o n t a l  plane) relative t o  

the  horizontal; 

9 = angle of inc l ina t ion  of the p h e  of the  u t r i c l e  r e l a t ive  t o  the  

horizontal. 
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For a similar c i r c u i t  of the l e f t  u t r i c l e ,  t he  pulse  frequency corresponds 

t o  the expression 
f2=k*P c o s ( a  - 6). 

The output of the 'tsununator*t, i f  we assume t h a t  k l  = kz, can be represented by 

A f=%P sin a sin @. (3 )  
A_- I 

It can be demonstrated t h a t  f o r  the  %hannel" react ing t o  the  force T (see 

Fig.2) directed across the  ha i r  c e l l ,  the output of t h e  ftsummator** w i l l  have 

the  form 
A f = 2kP sin a cos 8. 1 (4) 

On the  bas is  of analyzing these dependencies we can conclude that :  

The frequency of the pulses at t h e  output of t he  "summator?* depends on 

the angle of inc l ina t ion  of the head r e l a t i v e  t o  the longitudinal axis 

of the body. 

Depending on t h e  direct ion of inc l ina t ion  of t he  head, the  signs of t he  

summed quant i t ies  change w i t h  respect t o  the  %hanneln reacting t o  the 

force directed across the  ha i r  ce l l .  

The presence of the  angle R a t  inc l ina t ion  of the  head, leads t o  a dif-  

ference between s ignals  arriving a t  t he  input  of t he  *~sumanatorr' from 

the l e f t  and r igh t  u t r i c l e s  with respect t o  the '*channelft reacting t o  a 

force directed along t h e  ha i r  ce l l .  

b) Weasurement" of t he  Namitude and Direction of E n e a r  
Accelerations Duriw Xovements of the  Animal 

Weasurement" of t he  magnitude and sign of acceleration i n  a v e r t i c a l  

plane was  accomplished by a system which includes the  receptors of t h e  saccule 

a14 ei *'s--ziiztc~t* :&ick! rnmpares t h e  signals a r r iv ing  f r o m  the  receptors of the 

an te r io r  and pos te r ior  p a r t s  of the  saccule. 

5 



Figure 3 shows a diagram of the  re la t ive  pos i t ion  of the receptors of the  

an ter ior  and pos te r ior  p a r t s  of the  saccule i n  i t s  s a g i t t a l  plane ( v e r t i c a l  

plane perpendicular t o  the  f ron ta l ) ,  

Fig.3 Diagram of Arrangement of the  Saccule 
Receptors i n  a S a g i t t a l  Plane 

The output of the  "sunmatorst when t h e  accelerat ion j i s  directed tlforwardtt 

(see Fig.3a) w i l l  be determined (provided we consider t h a t  one o t o l i t h  i s  con- 

nected with each ha i r  c e l l )  by t h e  following relationships:  

With  respect t o  the channel reacting t o  a force directed across the  

h a i r  ce l l s ,  

( 5 )  
A p  = mjki (cos 'p - cos 7). 

and along t h e  ha i r  ce l l ,  

A f* = mjki (sin p - sin y), ( 6 )  
where 

01 = af a le ;~ t i z r :  sf the 8nt.erpior p a r t  of t h e  saccule, with 

respect t o  the horizontal; 
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y = angle of inc l ina t ion  of the  pos te r ior  p a r t  of the  saccule, 

with respect t o  the  horizontal; 

m = mass of o to l i t h .  

Idhen the  acceleration i s  %ackwardtt (see Fig.3b), t h e  components of t h e  

output w i l l  be determined as 

A f* = mki j  (cos 7 - cos c p ) ,  . (7) 

(8) i A f* = mk;j(sin y - sincp). 

On t h e  basis of analyzing these relationships we can conclude: 

The components of t he  output of t h e  ttsunrmatortt a re  a l i n e a r  function of 

t he  measured acceleration. 

On change in sign of t he  acceleration (%backwardt' instead of f'forward"), 

t h e  signs of both components of the  output of t he  "summator" also /Ir 
change. 

If the  equality cp = y were t o  e x i s t  i n  the model under consideration, 

then the  output of t he  %ummatortt would always be equal t o  zero. 

Weasurement" of t he  Nagnitude and Direction of the  
Effect  of CentrifuPal Forces 

Let us examine the functions performed by the ~~summatorrt during the  circu- 

I n  this case (Fig..!+), different  forces Kill ac t  upon the l a r  f l i g h t  of a bird. 

r i gh t  and l e f t  o t o l i t h i c  apparatus. If a l e f t  tu rn  i s  performed, the  centri- 

fugal  force  N,,  acting on the  r igh t  o to l i th ,  can be represented by t h e  re la t ion  

N,. = (t + 0.51 cos z) m', 
I ( 9 )  
I 
! 

where 
r = radius of turn; 

4, = distance between r igh t  and l e f t  o t o l i t h i c  apparatus; 

01 = angular veloci ty  of b i rd  i n  turning. 



The l e f t  o t o l i t h  Will be subject t o  the  centr i fugal  force 

(10) N, = ( r  - 0.51 cos a )  w2. 

Since the  pulse frequency i n  t h e  receptors i s  proportional t o  the  force 

acting on t h e  receptor, the output of t h e  f%ummatorl* I n  which both frequencies 

are corpared, can be represented by 

4=k1m2 COS a. (m 
This dependence [eq.( l l ) ]  i s  able t o  explain cer ta in  .functions and prin- 

c ip les  of action of the  mechanisms controlling t h e  f l i g h t  organs of birds. If 

t he  control  system i s  tuned t o  a certain s ignal  b , f o p t ,  which corresponds t o  

turning without skidding, then fo r  performing this maneuver with a greater  angu- 

lar veloci ty  so as t o  maintain the same value of t he  output, t he  angle of in- 

c l ina t ion  r e l a t ive  t o  t h e  horizontal  must be increased. T h i s  i s  precisely what 

takes place when both birds and man-made f lying vehicles perform a turn. 

Fig.!+ Function of t h e  ~Wmmator" of t h e  
Utricle i n  Dynamics 

It i s  of i n t e r e s t  t o  note t h a t  the proposed operating pr inciple  of t h e  

r%wmmatorIf y ie lds  an explanation f o r  t he  character of motion of animals and 

biz-& 9 in vhiPh t.he n t .n l i t .h ic  apparatus of one side has been extirpated. 

.Actually,  when performing a l e f t  turn, the frequency of t he  pulses i n  the 



. 
f i b e r s  of the  r igh t  vest ibular  nerve, arr iving at  t h e  input of t h e  t%xnmatorti, 

exceeds the  pulse frequency i n  the  l e f t  vest ibular  nerve, which changes t h e  

f l ight-control  organs t o  a mode corresponding t o  a l e f t  turn. 

o t o l i t h i c  apparatus i s  removed, the sign of the  output of t h e  risummator" i s  re- 

tained, i.e., t he  fl ight-control organs i n  horizontal  f l i g h t  Will be immediately 

brought i n t o  a lef t - turn mode. 

If t h e  l e f t  /16 

Since the  l e f t  o t o l i t h i c  apparatus i s  removed and the  pulses f r o m  this 

apparatus w i l l  not a r r ive  a t  t he  input of t h e  ~~sunmatortt, the  output of t he  

t~summatorti w i l l  exceed the  norm. 

t r o l l i n g  the  f l i g h t  organs of t h e  birds  i s  tuned t o  a cer ta in  optimal d u e  of 

t he  output of t he  f%mmator", then, as follows f r o m  eq.(U),  t he  b i rd  with the  

ext i rpated l e f t  o t o l i t h i c  apparatus should tend toward a d m a l  increase i n  

the  angle CY, up t o  90'. 

If, on performing a turn,  the system con- 

These phenomena (Bibl.3) actual ly  take place, which probably ind ica tes  

t h a t  our hypotheses are correct.  

d)  Weasurementti of t h e  Magnitude and Sipn of Acceleration 
durinp Periodic Nechanical Vibrations 

An invest igat ion of t he  impulse a c t i v i t y  of t h e  neurons of t he  vest ibular  

nuclei, on subjecting the  animal t o  periodic osc i l la t ions ,  showed t h a t  

a )  t h e  pulse frequency at a fixed vibrat ion period i s  proportional t o  

t h e  pulse amplitude; 

b) there  are R-Ns c i r c u i t s  tha t  increase in a c t i v i t y  when the  animal 

moves %pt* and decrease i n  a c t i v i t y  when the  animal moves "down", 

at  diametrically opposite charac te r i s t ic  s o  

The p e c u l i a r i t i e s  of t he  charac te r i s t ics  of t he  R-Ns c i r c u i t s  are explained 

by t h e  dynamic propert ies  of these c i r c u i t s  and the  parameters of the mechanical 

9 
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vibrations 

Actually, i f  the  animal i s  subjected t o  harmonic mechanical vibrations 

(12) 

(here ho i s  the vibrat ion amplitude and w i s  the  vibration frequency), then the 

acceleration j suffered by the  organism i s  determined - as i s  known - by t h e  

dependence 

Since the  receptors of t h e  vest ibular  apparatus generate a pulse frequency pro- 

por t iona l  t o  the Gforce ,  we w i l l  obtain, at  the  output of t h e  R-Ns c i r c u i t ,  

f=h,  kdsin(ot+ .g) ,  (ur) 
where $ i s  the angle of phase s h i f t  of the pulse frequency r e l a t ive  t o  t h e  

Gforce .  
D i r p l  acemeat I 

mpmard domanrd 
I v e l o c i t y  

\ /  
Y 

Acceleration 

Fig.5 Graphs of Displacement, Velocity, and Acceleration 
Acting on an Organism and t h e  Pulse Frequency a t  the  

Output of Two R-Ns Circuits 

Consequently, this recepto-neuron system 

of the  mechanical force represents a c r i t e r ion  

a t  a f ixed frequency of virkilwri 

f o r  the amplitude of these vibrac 

10 



. 

t ions . 
With respect to  deterntining t h e  sign of the  acceleration act ing on the  

organism, Fig.5 shows the curves of the displacement of the  animal, accelera- 

t ion,  and change of pulse frequency a t  the  output of two R-Ks c i r cu i t s ,  with 

the  greatest  differences i n  the character is t ics  leading t o  a subs tan t ia l  phase 

s h i f t  of the  vibrations $. 

Thus, if the R-Ns c i r c u i t  has the same dynamic propert ies  as an e l e c t r i c  

c i r c u i t  with a la rge  inductance, then the changes i n  the  pulse frequency f, 

i n  this c i r c u i t  W i l l  show a phase l a g  r e l a t ive  t o  the  acceleration var ia t ions 

by an angle $ close t o  90' ( t h e  pulse frequency i n  the c i r c u i t  W i l l  increase 

as the  animal moves nupwardn). 

/17 

If t h e  dynamic propert ies  of t h e  R-Ns c i r c u i t  a r e  close t o  an e l e c t r i c  

c i r c u i t  with a la rge  capacitance, t he  changes i n  the  pulse frequency f, i n  the 

R-Ns system w i l l  exhibit  a phase lead r e l a t ive  to the  acceleration var ia t ions 

by an angle $ close t o  90". The pulse frequency i n  t h e  c i r c u i t  w i l l  then in- 

crease as the animal moves lMownwardr*. 

An analysis  of these dynamic properties of the  R-Ks c i r c u i t s  W i l l  permit 

the  following general conclusions: 

The receptors of the  o t o l i t h i c  portion of t h e  vest ibular  apparatus perceive 

accelerat ions acting on an organism. 

I n  subsequent links of the  R-Ns c i r c u i t  (depending upon i t s  propert ies)  

processes of d i f fe ren t ia t ion  or integrat ion of acceleration may take place. 

The o t o l i t h i c  portion of t h e  vestibular apparatus thus %easurestt velocity, 

acceleration, and the  first derivative of acceleration a c t k g  on an OrgadSm. 
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